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SUMMAIY 



1. This report presents the results of; a series of 
free-jet measurements to determine the pure frictional re- 
sistance of a cylinder from the difference between total 
resistance and pressure at Eeynolds Kumhers 5,000 to 
40,700. 

2. The skin friction is 5 percent of the total re- 
sistance at He ™ 5,000, and has dropped to 2 percent at 
fie = 40^000, which supports Thorn' s theory, 

3» The pressure indication of an orifice in the cyl- 
inder wall within range of the adhering boundary layer is 
exaggerated proportionally to the orifice diameter and to 
the tangential pressure gradient. 

4» Conformably to the rise in drag coefficient at 
He - 2,000 to Re - 20,000, there is a progressive trans- 
formation of the "dead air space" and approach of a crit- 
ical point on the cylinder which denotes the end of the 
laminar mixing zone. 

: 5. Wires introduced in the laminar transition zone 
render it turbulent and cause a much quicker . dhange into 
the squared resistance zone than with the bare cylinder * 



*"Druck- und Reibungswiderstand des Zylinders bei Reynolds- 
schen Zahlen 5000 bis 40000. « Z*I*«IU, April 13, 1933, pp. 




Ilie total risi*itia«i^j^ Wg of a body ^^-^ f %W$-&m be di-^ 
tided into pressure Wp and friction Wj*: 

% ^ Wp + Wp iiy 

fhe former (Wp) is given by the vector sum of the 
npriaal forces on the individual surface elements, the lat- 
ter (STr) "by that of the tangential forces* Both quotas 
are contingent upon the shape of the body and fluctuate 
within large limits: A plato escposed to horisspntal flow 
manifests almost exclusively, frictional resistance, where- 
as a plate in a vertical flow evinces primarily, pressure. 
The first case is very similar to that of slender airfoils 
at sm&ll angles of attack} the second, to flow around 
spheres and to cylinders in transverse flow, Ihe pressure 
is measured on suitably arranged orifices. The frictional 
resistance is, according to formula (1), obtained as dif«* 
ference between the total resistance and the prisi^u^^. 
The friction quota being very small for spheres and cylin-* 
4ers, its deteminati on demands very precise total resist- 
ance and pressure measurement s» In particular, both meas- 
urements must be effected on the same object and with the 
same ar*^ at the same flow attitude* Such measure- 

ments were lacking for the cylinder* Ermisch (reference l) 
defined the frictional resistance from his own pressure 
and Wxeselsberger ' s total resistance measurements at im^ 
probably high values* (Compare fig. 2*) Thom (referende 
2) chose to combine his own pressure measurements with 
aei^ > $ f iitdini^ft i lor is^hi ch reason 1 1 isras deem|^^ adf | sabl e 
first, according to Mr * fflachsbart, whp hid maii eM 
measurementSi to effecf fiich measurep#nts in a test set*^tip 
with the ejrliii^Vi in order to tiM'laitteijr establish 

the true frictibhai drag^ 

dohcurtmtljr our measurementjS were intended to chex^fc 
one theoretical expression by Thom (reference 3) by an im- 
proved test* 35r* IStam arrived at a solution of the boundary 
layer e^atioas in closed fo^m* These velocity profiies 

are- in ::C^io:^s#--:agr^e:em^^ the--e:ip#rimeni^^s Smm^^Mii^m^^.^^ 

ward stagnation point (8 - 0^) to 9 = 60^* The friction 

f - [X (|y^„Q ('^ ^ tangential velocity, y = vertical dis- 



*1rgl* Irgebn* d* Aerodyn* 7ers**«in^t* 3, 87, 1927* 
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twjice from cyli»de3? 3iiirf4c# Si 



f » * , 
2 V 



wherein P fluid density, w = velocity of flow, 310: ^ 

2^ with D = cylinder diameter and v := ^ == kinematic 

viscosity, <|h0 Eeynold? Ijti^ ^ P ^ is th© differ- 

§ w^" 
2 

ence between preBsure p on the surface for angle 9 43id 
pressure pQ of the undisturhed flow measured in fractions 
of dynamic pressure; ^jr is a function of the cited quanti- 
ties. For the integration from 0 to 60^, Thorn used equa- 
tion (2), from 60 to 90^ the experimental velocity profiles, 
and thus ohtained, in so far as attrlbutahle to pure frlc-* 
tional drag of the frozit half, the coefficient of friction 



(Wp = Cj. j % w®, r === projection of cylinder onto a plane 
perpendicular to the direction of flow.) With an increment 
for the admittedly small friction of the rear half, Dr, 
Thom puts the approximate value at 



cr r 4 (4) 

fhom's own experiments ranged from If . = 28 to 17,000, 
of which only two points exceeded 8 , 000 (f ig# 2) » it w?ts 
therefore desirable to raise the nuinber of test points hy 
Increased measuring accuracy and to extend the range to 
higher (which is more difflcu^ because of the decrease' 

ing skin f rictida) fhis was s^p&iriLtely etf f 
tratisitidn zone frdm at B|> =^ 2000 to the 

•squared\ zone-. 

Hereby it was found that the rise of c^ is accompa- 
nied by systematic changes of pressure distrf butipn, for 
which reason the f loijr and pressure field downstream tvprn 
the cylinder was made the subject of a special investiga-- 
tion. 
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AITALtSIS Oi COlFFICIlirf OJ fHICTIOlf % 

The tests were made in a circular air stream (?( = 60 
cm (23»6 in») local speed changes ±0»3 percent). Two fixed, 
upright plates ensured that the flow around ■ the cylinder 
was two— dimensional ♦ 

To measure the total drag on the two-component scale 
the cylinder had to he movable through the plates, which 
necessitated "scaling" with very little clearance space. 
Plate boundary layer effects were allowed for separately. 
A detailed description of this experimental set-up is 
given in reference 4* 

Tor measuring the pressure, the cylinder had an ori-^ 
flee in a middie sectioai and the differeht angles 6 (start- 
ing from stagnation point) were obtained by turning the cyl- 
inder, which at the same time also served as pressure pipe. 
The effect of siise of the pressure orifice on the pressure 
indications is shown in the following section* 

The measurements were made on five cylinders (D =^ 1*00, 
1*39:, 2-00, 3.00, 4.00 cm (0.39, 0.55, 0.79, ltl8, and 1,57 
in., respeetively) ) » at Seynolds HuiGbers of 5,000 to 41, 000 • 
The different diameters served in part for extending the 
measuring range, and in part as check that the finite jet 
diameter did not exert any perceptible effect* Figure 1 
shows Cg and Cp for D = 1 cm <.(0«39 in.) and 4 cm (l«57 
in#) and of a portion for 2 cm (0.79 in»), together with 
Eelf and Wieselsberger ' s Cg data. There are no marked 
discrepancies between the -Cg curves except a| ie between 
minimum and the squared remge^ Another graph ^npt shown 
here) reveals that in the squared range the Cg and Qp 
curves follow each other for different cylinders afti coyer 
each othff >t equal Ee* but th^t it is not wholly opmplete 
in the transition zone. Evidently small infractions against 
similarity exist there fir e^dy, although this does not re- 
cur in the diagram when the difference is formed be- 
tween two curves of one cylinder* 

Fi^re 2 gives the results for c^; %hi Winor discrep-^ 
ancles between c^. curves are within accur measure- 
ment. At Ee =: 5.000 (log Be - 3#7) the fridtiohal resist** 



*Which proves that thj? botxndaries of the air jet exert no 
effect on the reslsts^nce* 



H»A,C,Ar teeJamlcal Memoisaa^ lOf 7|# 
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ance is 5 percent of tlxe total resistance (cg = 0.94) aixd 
at Eo - 40,000 (log Ha 4#6) it has droppet to 2 pe*^ 
cent (cg " 1.19) . 

Tile discrepancy of our figur*5S from JJhom^ s foriQ:q.la 
(4) arerages ±10 percent, (See fig> 2V) fj^BM^Biy^ 
ences, whicli amount to 0.5 percent of the total resists 
ancei lie within aeasuring accuracy* fh^ comparison sup- 
ports therefore Dr» Thorn's theory of the coefficient of 
friction up to the Sfl^uared range. Figure 2 also shows 
the points of Thom-Helf and Irmisch-Wieselsherger , of *7hich 
the latter in particular are at variance with our m^asure*^ 
inents and with the theory* 

As concerns the correlation between friction and char- 
acter of flow, it seems that Cj. reaches a certain mini-* 
mum in the squared range, which changes very little as yet, 
whereas at smaller Eo, where the gradient of Cj. is 
stronger, the changes in the pressure and in the whole 
flow form are substantially groat or. This is already in** 
dlcated by the pressurq distribution on tho siirfaco (fig* 
3). Aside from a general incroaso in negative prossure 
at increasing E.g, there is a pressure minimum at 6 = 
180^. The transformation occurs perfectly parallel to the 
rise in the resistance factors; at around Ef? = 25,000, 
the pressure distrihution has reached a definite form. 

PEESSUES IHDIOATIOS AHD QEIPIOI DIAMISTJIE 



Thorn's experiments covered the range between 8 = 0^ 
and 9 = 70^ (reference 8). According to them the pres- 
sure distributioj© measured on a cylinder with orifices of 
different diameter h, can be made to agree when 

e - 00 - I I (5) 

but not by coordinating the measured pressures with the 
center of the orificet i.e#, angle e^. Similar experi- 
ments of our own were calculated to check the applicabil- 
ity of equation (5) to our pressure-distribution meas\ire- 
ments with 12 different holes (h ^ 0.196 mm (0.008 in.) 
to 3.04 mm ^12 in.)) at Ea - 6,800 and ^ 11,650 

(D = 1 cm (0.39 in.)). The interpretation of 6 between 
0^ and 72^ (point of separatlpn) revealed a linear intez-de^ 
pendence between h and the pressure indication. (See. 
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fig, 4, which gives the measured values for Z09 n^aa;^ 

dinmnsionally •) 

The coefficient A, that is, the inclination, varies 
as Q* It is given in table I ♦ 2Io systematic relationship 
is li^di^^ for 9 > 72 • 

TABLl I 



e 


A 


- a 

da 


da 


0 


0.00 


0.0 




10 


0*30 


0.7 


0.43 


20 


0,72 


1.8 


0.40 


30 


1,0^5 


2.3 


0,45 


40 


1.18 


2.8 


0.42 


50 


1.13 


2.4 


0.47 


60 


0.525 


1.3 


0,40 


72 


0,00 


0.0 





to 



With the assumption that the extrapolation according 
h = 0 gives the true pressure, the error Aq*» when 



„a ^ P - lo 



ia 



^measured - ^^true 



= A I 



(S) 



dq^ 



4 een5)apisoh of A with this pressure gr$idi0nte pre- 
vailing at the same 6 shows approximate ptoport ionaility , 
fhtts with A 7^ -^y ai)proximatipn he expressed hy 



de f 



(7) 



A similar relationship may possihly be valid for other 
cases also (airship bodies* etc*). With smaller orifice 
diameters our corf^ection reverts to Thorn's correction (equa- 
tion 5) • In figure 5, I is the measured curve and II the 



# 



cbri^ect curye» for siall d#ifi&#e 




(8) 



and from (7) follows 



A e - 3 i; 



(9) 



But according to tal)le I, 3 = 0»43, that is, n0t very 
much different from Thomas ralue, 0*6< 

Equation (9) signifies; One obtains the point at 
which the measured press%ire is the true pressure when re^ 
ducing the measured a^ngle by 0,43 times the amount of the 
"relative orifice diameter#" 



FIEiiD OF PR3ISSUSE 31HIIID CYLIHDia 



According to a previous section (pages 4 and 5) , the 
pressure distribution changes appreciably within the range 
of Reynolds Numbers in which cg increases. Presumably 
this transformation is related to. processes in the zones 
in which the transition from undisturbed flow to dead air 
space occurs* Por the squared range these transitory zones 
are, accrording to i*age and Johansen (reference 5), turbu-^ 
lent mixing zones emanating from the region of the equator. 
They approximately follow the Tollmian-Prandtl mixing the-- 
ory. 

In order to establish the connections at smaller Re» 
we must first define the process of the transitio?i zone, 
or as we shall call it, the "mixing zone,*** #ithin this 
Zone th.e velocity drops from constant to zero in the out- 
side flow or to a very small value in the dead air space. 
Since the pre^ssure in the latter is negative, the pressure 
indication of a Pi tot tube mounted parallel to the niain 
flow direction ^ introduced from without tlirotigh the mix- 
ing zone into the dead air space - progresses from con- 
stant pressure vajufs to lower amounts, Owln^ to the dif- 
f ieulties involved in effecting accurate static pressure 
and velocity records in silch zones (reference 6), the said 



*Mthout, however, maintaining that there is any turbulent 
mixing in it. 
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aries of the mixing zone. The pressure "behind two cylin- 
ders (D 1.4 cm (0»55 in^) and D = 2.0 cm (0*79 inO) 
is determined on straight lines y, perpendlcuiar t<j the 
direction of flow at various distances x from the cylin- 
der #. Figure 6 shows the profiles me:af|||:g§^^^^^^^^^ 

t ■= i«4 cm (O...SS in.,3il |ii>- :. fe| gymiiililiml 
through the center of the cylinder* The points A in 
which the |)res«ur0 p' hegins to drpp, and th# points 3* 

houndarias of the mlMng Miiei 

Check t&sts with ^ Pitot tttho set at 15^ to thd un- 
disturhed flow disclosed that, independent of possihle 
flow errors, the measuremetits git6 the correct total pres- 
sure (up to a constant) » 

The projected pieces A-B (fig. 6) in direction y, 
that is, the widths of the mixihg zones* plotted for the 
different spacinge afford diagrams such as those 

shown in figures 7, 8, and 9 for D ^ li,4 cm (0.55 in,) at 
three different RMm 

At R© = 5,000 (flg» 7) ' the mixing sone increases 
only graduallT^ ^i^^^^^^ first, the expansion does not 

hecome app^ ah out 4 D behind the cylinder so 

that the sytnmetrical axis s (SJ is reached at 1 D. The 
expanse of the dead air space is comparatively large. 

Beginning at the cylinder the pressixre p' in the 
symmetrical axis s has at first a constant value which 
corresponds to that of the cylinder orifice at 6 == 180*^ • 
(Compare fig. 3, He = 5,000.) Beginning at distance -ni ^ D 

oontprM^MM^ *^ ^i^^ course o# the mi:]Xi^7^^ 
43^c)ps 'A:n"ilr0c^ of ac# ^ As a r e^^*c£it?|--''f^^^ ■plfi-^s-i'^^ 
the same yaliie (fig. 6) within the dead air space on a 
^i;ih^e^- f p^irf^^ndicui-l^^ to x, hut mm^^ Mm 
|<^lil#hat- dot^iitrea^ ff&m thM ^^0^ -aM etid ■ii^i <::;iii|:n:^^ 

As increases (figs. 7, 8, and 9) the dead air 

oliahf 6^ f rim a lari^/ long extended iohi l^n^^^^ 
more pointed zone; or, in other words, the point of the 
notlceahld e^ansion of the mixing zone shifts upst3*0im 
as Re increases. The closer it approaches the equator, 
the more the form of the mixing assumes th^ symmetrical 
shape of a wedge » ^ 
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figur© 10 shows the dead air lengths e, defined lyy 
the points E, plotted against the Seynolds Number, They 
seem to strive toward a constant value of e » D/2; that 
is, the ^oharacter of the flow approaches permanency, as 
anticipated, 

figure 10 also shows the distances f, of the above-^ 
mentioned pressure minima from the cylinder, The parallel'* 
ism of the curves signifies that changes in f like?/ise 
represent a criterion for the transf onaation of the flow, 

for interpreting the described changes of the pres- 
sure pattern 8/D (6 = thickness of mixing ssone) may be 
plotted against x/D or Beg == 6w/i? may be plotted ver- 
sus Be^; - xw/t?, The null point for the x values is 
taken at 9 = 45^ in figure 11, With this choice of null 
point the Beg are approximately coincident on one curve 
for the different Eeynolds Numbers, furthermore, at small 
Be* R©5» and Re^j. or in a different representation at 

small fie, and x/u, the Individual curves assume 

a form which follows the power law: 



Beg - const y Re^ or ^ = const y (lo) 

Sirice these laws, conformably to Prandtl's boundary 
layer theory, represent characteristic relations for lami- 
nar boundarj^ layers* whereas our mixing zones may eqiially 
be considered detachedi free boundary layers, the exist- 
ence of eqxi^Ations (10) can be taken as proof of the lam- 
inar character of the mixing zone, The points diverging 
from equation (10) are given as critical Beynolds Humbers 
in tabl# II, The last column shows that the critical 
points approach the cylinder as ile increases; tl^e turbu-^ 
lent mixing zone displaces the laminar piece more and more, 
the turbulent interferences advanco toward the cylinder 
and have perhaps reached it at, the beginning of tile squared 
zone* 
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II 





Re ■ 


V» 

em/ 8 


m$ ' 

cm 




crit 


_ crit 


I 


14,480 


1,510 


1.4 




-» 






12,410 


857 


8.0 








III 


8,540 


897 


4. #4; 


900 


6,000 


0.70 


IV 


6,290 


434 


2,0 


730 


5,600 


0,89 


7 


5,000 


518 


1»4 


650 


5,200 


1.04 


Ti 


3,540 


244 


2.0 


510 


5,000 


1*41 



EXPSRIMmS WITH ARIIJICIAI* fUEBUIiEHGE 
OF THE "FEEE" BOOTDAST liATBH 



The described development in the range .of He = 3,000 
to Re = 15 ,000 can "be considerably accelerated by the 
use of thin wires on the surface of the cylinder at, or in 
front of the equator, as illustrated by the displacement 
of the pressure minimum ( f - its distance from cylinder ) 
toward the cylinder in figure 12 • Jiguro 13 shows the si- 
multaneous steep rise in Cg (with a wire of d ^ 0#3 mm 
(0«012 in») diameter at the equator of tho B 1#4 cm 
(0»55 in.) cylinder) • 

These experiments are analogous to those of Frandtl 
(rof erehoe 7) , in which at higher Ee the change to lower 
drag CO of f i c i ent s was speeded up by wires^ ite maiiiiested 
by the incipient turbulence of the boundary layer around 
the sphere ♦ In contrast to that , ours is mahifestly a 
problem of incipient turbulence of the detached "free" 
boundary layer. At the higher Reynolds Numbers of the 
Prandtl experiments it might, according to the above re- 
sults regarding the advancing turbulence toward the cyl in-* 
der , be totally turbulent, so that the wire ring at the 
equator remained ineffective up to around Re = 180,000. 
But at our small Re the free boundary layer is laminar 
and becomes laminar because of the wire, which stipulates 
the increased drag* A visible proof is given in figure 12 • 
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The wire d = 0.1 mm (0#004 in.) placed at 90^, ^Timoas 
but a minor effect , wHareas, wlxeii sliiftei. Into tii# ft## 
iDOundary layer (0.2 mm). (0#008 in.) a^ay ff m oyilader) , 
the change is complete ^ 



Translation by J. Vanier, 
National Advisory Committee 
for AeronauticiBi, 
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